Recent progress in materials informatics has opened up the possibility of a new approach to accessing properties of materials in which one assays the aggregate properties of a large set of materials within the same class in addition to a detailed investigation of each compound in that class. Here we present the first large scale investigation of electronic properties and correlated magnetism in Ce-based compounds accompanied by a systematic study of the electronic structure and 4f-hybridization function of a large body of Ce compounds. We systematically study the electronic structure and 4f-hybridization function of a large body of Ce compounds with the goal of elucidating the nature of the 4f states and their interrelation with the measured Kondo energy in these compounds. The hybridization function has been analyzed for more than 350 data sets (being part of the IMS data base) of cubic Ce compounds using electronic structure theory that relies on a full-potential approach. We demonstrate that the strength of the hybridization function, evaluated in this way, allows us to draw precise conclusions about the degree of localization of the 4f states in these compounds. The theoretical results are entirely consistent with all experimental information, relevant to the degree of 4f localization for all investigated materials. Furthermore, a more detailed analysis of the electronic structure and the hybridization function allows us to make precise statements about Kondo correlations in these systems. The calculated hybridization functions, together with the corresponding density of states, reproduce the expected exponential behavior of the observed Kondo temperatures and prove a consistent trend in real materials. This trend allows us to predict which systems may be correctly identified as Kondo systems. A strong anti-correlation between the size of the hybridization function and the volume of the systems has been observed. The information entropy for this set of systems is about 0.42. Our approach demonstrates the predictive power of materials informatics when a large number of materials is used to establish significant trends. This predictive power can be used to design new materials with desired properties. The applicability of this approach for other correlated electron systems is discussed.
magnetism in Ce-based compounds accompanied by a systematic study of the electronic structure and 4f-hybridization function of a large body of Ce compounds. We systematically study the electronic structure and 4f-hybridization function of a large body of Ce compounds with the goal of elucidating the nature of the 4f states and their interrelation with the measured Kondo energy in these compounds. The hybridization function has been analyzed for more than 350 data sets (being part of the IMS data base) of cubic Ce compounds using electronic structure theory that relies on a full-potential approach. We demonstrate that the strength of the hybridization function, evaluated in this way, allows us to draw precise conclusions about the degree of localization of the 4f states in these compounds. The theoretical results are entirely consistent with all experimental information, relevant to the degree of 4f localization for all investigated materials. Furthermore, a more detailed analysis of the electronic structure and the hybridization function allows us to make precise statements about Kondo correlations in these systems. The calculated hybridization functions, together with the corresponding density of states, reproduce the expected exponential behavior of the observed Kondo temperatures and prove a consistent trend in real materials. This trend allows us to predict which systems may be correctly identified as Kondo systems. A strong anti-correlation between the size of the hybridization function and the volume of the systems has been observed. The information entropy for this set of systems is about 0.42. Our approach demonstrates the predictive power of materials informatics when a large number of materials is used to establish significant trends. This predictive power can be used to design new materials with desired properties. The applicability of this approach for other correlated electron systems is discussed.
PACS numbers: 71.15Mb, 71, 20Dg, 72.15Rn, 74.70Xa I. INTRODUCTION The field of materials informatics is undergoing rapid change, driven by our ability to analyze data sets for a large collection of compounds. Examples of this approach include the
Materials Project
1 , the Materials Properties Database from NIST 2 , the Organic Materials Database, 3 and the Materials Web 4 . Here we present the first effort to apply the informatics approach to Ce-based compounds with the goal of extracting systematic correlations between electronic structure and properties such as Kondo scaling and volume in f-electron materials.
In performing this analysis we use the recently developed f-electron database. 5 We focus on cerium, the most abundant rare earth element, that in various compounds has been used in many applications. CeO 2 , for example, is used for catalysis in combustion engines 6 and as an abrasive in glass and lens manufacturing. 7 More recently Ce has been used in laser technology, e.g. in crystal lasers (Li-Sr-Al-F-Ce) which are used to detect air pollution. 8 Ce is also used for steel hardening processes and in Al coatings. [9] [10] [11] Depending on the application, Ce-based compounds with different materials properties are needed, and since the electronic structure is often decisive in determining these properties, understanding of the degree of localization/delocalization of the 4f shell is crucial. In fact, it is important to understand the degree of localization/delocalization of the f-shell, in general, for lanthanide-and actinidecompounds. Improvements in materials properties are expected from this knowledge, e.g. in rare-earth-lean permanent magnets where the contribution from 4f states to the magnetic anisotropy energy is generally large, and determined by the nature of the 4f states.
Ce compounds have been investigated in great detail experimentally as well as theoretically and numerous applications have been found. 12 However, identifying new materials for a special purpose or with certain materials properties is a bit like searching for a needle in a haystack. We have performed extensive high-throughput calculations in which we have linked the electronic properties of the materials or to by precise the hybridization energy to a tuneable, materials specific parameter such as the volume. As we demonstrate, this allows us to identify, among all known cubic Ce compounds, the correct level of itineracy of the 4f
shell. This predictive power is likely to carry over also to other f-electron systems.
We note that the search for criteria with which to gauge the itineracy of the 4f shell has been underway for some time. The so called Hill plot has often been used for this purpose.
Hill identified a correlation between magnetism, superconductivity, and the interatomic dis-tance in f-based systems (Ce and U). A beautiful relationship was found such that smaller atomic distances were found in compounds that had superconductivity, whereas materials with larger distances displayed magnetism. 13 To be precise, Hill observed that superconductivity did not occur for compounds with a Ce-Ce distance larger than 3.4Å, and that magnetism did not occur for materials with a Ce-Ce distance smaller than 3.4Å. For U compounds, the critical distance (the Hill-limit), was 3.5Å. Although the correlation observed by Hill was excellent, some exceptions have been found. CeRh 3 B 2 and URh 3 , for example, both have large distance between Ce (U) atoms, but the expected magnetism is absent in both compounds. This has motivated the search for other measures that involve interatomic distances in Ce based compounds, in order to predict properties (see e.g. Ref.
14,15). Here we extend this approach with the use of a large data set from our database.
Simply stated, the degree of localization of the f -electrons is determined by the competition between energy gain due to band formation, and energy cost due to the fact that when itinerant electrons move through the lattice, they sometimes occupy the same lattice site, with an increased Coulomb repulsion, the Hubbard U. This competition in interactions may be quantified via the Hubbard model, which, in the dynamical mean field approximation 16, 17 , can be solved in terms of the Anderson impurity problem. In this approach, the Hubbard U enters naturally, and the band formation may be translated into a hybridization function, i.e. the hybridization of localized 4f levels with orbitals centered on surrounding atoms. In this work, we will focus on the hybridization function, since as we shall see, it
naturally gives information about the degree of localization. In addition, the hybridiza- 
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The decisive parameters for J K are the position of the 4f level with respect to the Fermi level and the strength of the hybridization between 4f states and the remaining valence electrons. Both these properties are available from ab-initio electronic structure theory, the first from calculations of the valence stability, using the Born-Haber cycle, see Ref. is also a Kondo system, although for this material a hybridization gap has been observed.
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In addition to these effects, the interesting phenomena of heavy fermion superconductivity has been observed, e.g. In the present work we attempt to correlate known experimental characteristics of the electronic structure of a large set of Ce compounds (366 to be exact) with information obtained from electronic structure theory, i.e. the hybridization function, in order to distinguish between localized and delocalized 4f electron behavior. For a few of the investigated materials, where we identify the 4f shell to be only weakly hybridized, we have also calculated J K and compared the calculated values to experimental data of the Kondo temperature T K . One of the current trends in electronic structure theory is the efficiency and reliability of theory 31 combined with the ability to generate large databases of electronic structure and related information as demonstrated, for example, in Ref. 32 . The present work shows that this informatics approach is useful when combined with concepts from many-body model Hamiltonians, and that predictions can be made for complex phenomena of correlated electron physics without actually solving the many-body problem itself.
II. METHODS
The electronic structure of 366 binary cubic Ce compounds has been investigated within density functional theory (DFT) calculations using a full potential linear muffin-tin orbital (FPLMTO) approach as implemented in the RSPt code. 33 The data generated for this study will be incorporated in the IMS database for 4f and 5f systems. 36, 37 . We have neglected spin-polarization so that all calculations are directly comparable. For Ce mono-pnictides, the maximum change in hybridization function strength is less than 10% between the nonmagnetic and the ferromagnetic calculation (for details see the supplemental material, Fig. S1 ). Spin-orbit coupling was neglected in this investigation for the sake of simplicity; this approximation is not expected to have significant impact on the conclusions of this investigation, and the techniques proposed here can be readily generalized to include spin-orbit coupling when necessary (e.g. U and Pu systems). We discussion the uncertainties arising from these assumptions in the supplemental material. All calculations have been performed on the same level of accuracy (GGA DFT), important to identifying trends over large sets of data.
We used the length of a reciprocal lattice vector divided by 0.15 to define the dimension of the Brillouin zone mesh in all calculations. For comparison, a number of binary and ternary reference systems with different geometries has been taken into account, using the same convergence parameters and k-point densities. The hybridization function ∆(E), used to classify the compounds, is obtained from an additional iteration of the converged RSPt calculation, using an energy point mesh of 1501 points and a Fermi smearing of 1 mRy. Data from the f-electron database was used as a guide in assessing the results of our calculations.
III. RESULTS

A. The hybridization function
In a quantum impurity model (Anderson) the energy-dependent hybridization function ∆(E) defines the properties of the bath surrounding the impurity cluster. The hybridization function describes the interaction of an impurity electron -in our case the 4f electron of Ce -with the bath consisting of all other electrons. With G 0 being the site projected Green's function calculated from density functional theory, and H being the hybridization-free im- purity Hamiltonian, with corresponding energy E QI , we obtain, via the Dyson equation, an implicit expression for the hybridization function, ∆(E), as
In the quantum impurity Anderson model, the hybridization function can be viewed as a measure of the tendency for Ce 4f band formation. The larger the hybridization function, the bigger the overlap of the 4f orbital with all other orbitals, which is the principal indicator of itineracy.
The calculated hybridization function of a large set of Ce compounds is presented below, in a way that groups compounds naturally. In Fig. 1 (a) we show data for the well-known Furthermore, for Ce monopnictides it has been found that the increasing localization of the 4f electron is correlated with the decreasing lattice constant, 38 which is natural since a larger distance between Ce and neighbouring elements will lead to a reduced interaction. In A comparison of the experimental volumes of Ce mono-pnictides CeX (X = N, P, As, Sb, Bi) with those of the corresponding Gd systems confirms the itinerant character of CeN.
For both Gd-and Ce-based pnictides, the volume shows some irregularities when different ligand atoms from group 15 are considered, with an overall trend of increasing volume for the heavier ligands ( Fig. 1(c) ). This trend reflects to some degree the change in the nature of the 4f states, but also the difference in atomic size of the group 15 elements. In order to isolate the effect coming from the 4f states, we compare the volume of the Ce-pnictides with the volume of the corresponding Gd-pnictides.
It is well known that the latter rare-earth element is trivalent with a fully localized, non-hybridizing 4f shell. The difference in volume between these sets of compounds is shown in Fig.1(d) . Since the lanthanide contraction is known to result in smaller volumes of heavier rare-earth elements, the difference in volume between CeBi and GdBi may be seen as a refection of this fact. If the 4f electrons in the remaining Ce-pnictides were completely localized, giving rise to trivalent and chemically inert 4f states, the difference in volume of CeBi and GdBi would be exactly the same for all compounds plotted in Fig.1(d) .
The deviation from this behavior signals the increased interaction between the 4f states and the ligand orbitals as one moves from heavier to lighter elements of group 15, and it is seen that the deviation behaves almost linearly. The deviation of the ∆V curve from the linear behavior is illustrated by the difference of the true values and the extrapolated values, marked by a dashed line in Fig.1(c) . This deviation is due to a drastic change in the electronic structure of CeN, compared to the other compounds. In short, this marked deviation is caused by the itinerant character of the 4f electron in CeN, a fact that is also clear from the hybridization function that clearly is largest for this compound.
The data in Fig.1 suggest that the hybridization function is a good measure when trying to identify general trends of the electronic structure of Ce-pnictides. To investigate whether this observation holds also for other Ce compounds, the hybridization function has been The discussion above suggests that ∆(E) can be viewed as a measure of the degree of localization of the Ce 4f electron and can therefore be used to classify large groups of Ce compounds in terms of the degree of localization. However, since our goal is to compare ∆(E) for many systems, the full energy dependent hybridization function may not be a practical gauge. As an alternative we explore the maximum value of ∆(E) for E ≤ E F , (see Tab. I and Fig.1 (a) for Ce and Gd mono-pnictides). An alternative choice is to integrate can use any of the forms of the hybridization interaction discussed in this paper.
B. Trends of the hybridization function in cubic binary Ce compounds
We have shown, for a representative subset of systems, that the hybridzidation function is a reliable criterion to distinguish between localized and de-localized 4f systems, even at a rather simple level of approximation. ∆(E) has been calculated using plain DFT (GGA) for the known cubic binary compounds (regarding the limits mentioned in Sec.II, 366, according to ICSD 34 ). Instead of plotting the hybridization function over the whole energy range, the extrema of it are given in Fig. 2 , evaluated for occupied states. Even though there is a certain spread in the data points due to differences in lattice parameters, caused by differences in the experimental techniques and conditions extracting them (such as temperature and external pressure), the trend observed for the systems discussed in the previous sections seems to carry over to all investigated cubic binary Ce compounds. Fig. 2 shows that the hybridization function is spread over a large interval, and that compounds that are well established as either localized or itinerant, naturally find their place in regions with low and high hybridization, respectively. The transition region is drawn in the figure so as to not be sharp and covers elements that normally are associated with pronounced Kondo or mixed valence behaviour. We now make a connection to traditional measures of the level of itineracy; the 4f bandwidth and its relation to the Coulomb U. Cubic CeO 2 has, in LDA theory, a very broad 4f band which strongly hybridizes with the O p orbitals (cf. Fig. S3(a) ). For CeN, the pnictide with the most itinerant character, the picture is very similar, except that there is no band gap (see Fig. S3(b) ). However, even though the width of the 4f band is very similar to that of CeO 2 , the overlap between Ce f and N p is small compared to the oxide. give entirely consistent conclusions regarding distinguishing itinerant 4f compounds from those with 4f localization. We conclude that the hybridization function is a simple measure for quantifying the degree of localization of the 4f electrons in Ce compounds, and that it is reliable for high throughput screening investigations. It also provides important parameters for many-electron physics, and establishes a coupling between ab initio electronic structure theory and many-body model Hamiltonians, in this case the single impurity Anderson
Hamiltonian.
C. Correlation between hybridization and lattice parameter
The goal of the present paper is not only to classify Ce compounds regarding their itinerant character but to link this information to other tuneable quantities. If this link can be established with a sufficient accuracy it will provide a way to design systems with desired electronic properties and serve as a way to control the degree of correlation.
The discussion of the mono-pnictides in Sec. III A has shown that the lattice parameter increases in the same steplike manner as the localization decreases (see Figs. 1(a) and (b)).
Therefore, the lattice parameter seems to be a suitable quantity to link to the hybridization function. This is supported by the fact that |∆(E)| is correlated with the bond distance, as is clear from systems where the lattice constant of a certain compound in different experiments is found to be slightly different (presumably these differences may be due to differences in sample purity or to differences in temperature or pressure for the experimental investigation).
Examples where this is seen are found for CeN or CeRu 2 , as is clear from the circled areas of Fig. 3(a) and (b).
The Wigner-Seitz radius for all compounds investigated is given in Fig. 3 (a) . For comparison the corresponding hybridization extrema are also plotted ( Fig. 3(b) ). Since the composition of the systems and the alloy partners are very diverse, the radii are spread over a broad region from 2.5 to 4.0 a.u. However, one can distinguish trends such as the very small volumes of the CeO 2 systems (r N ≈ 2.75 a.u.) where the hybridization function is large, and the large r N of CeMg 3 which has one of the smallest |∆(E) max | values, (cf. Fig 3) . gives a first indication how to tune the volume to obtain a more itinerant or localized electron system. The importance of the 4f hybridization for materials properties of correlated materials has already been pointed out in an earlier work by Koelling et al. 46 This is relevant e.g. in high-pressure science since it gives information on which compressions are needed in order to increase the itinerant character with a certain amount. For additional fine tuning of the degree of localization/itinerancy, the type of valence electrons, and crystal geometry, are also relevant parameters. Since computations of the type reported here are expedient, this makes theoretical investigations of the hybridization function extremely useful as a precursor to many experimental investigations of correlated electronic structures of Ce compounds (and possibly other f-electron based materials).
To confirm this correlation quantitatively, a statistical analysis of the r N (i) and ∆(E) max (i) data sets has been performed, where i is the sample index (for simplicity we skip the argument E in the following). We use Pearson's correlation coefficient ρ(r N , ∆) 47, 48 and mutual information theory I(r N , ∆) in order to quantitatively estimate the correlated or anti-correlated nature of the two data sets. In Fig. 4(a) and (b) , we discussed the distribution of 366 Ce based compounds in the radius and corresponding hybridization energy range.
From this information a histogram distribution was created using 25 bins for both ranges of volume/atom (2.5Å 3 to 4Å 3 ) and hybridization energy (0.0 to -1.5 eV). The probability of the i-th bin for a r N data set is obtained using
where n r N (i) is the number of compounds in the i-th bin, and L is the total number of compounds in the volume data set. Similarly, the probability of the j-th bin in the hybridization data set is given by
The correlation coefficient which corresponds to the scatter plot of r n (i) versus ∆(i) shown in Fig. 5 can be determined by using
Herer N and∆ are the average radius/atom and average hybridization for the L Cecompound data set. Though we have performed calculations for 366 data sets the actual number of different compounds is 52 because many systems having the same chemical formula been investigated under different conditions, see Fig. 5 (a) and (b) . In order to predict materials properties, the smaller data set is more suitable since it contains only composition dependent information. We have also performed the analysis for the larger set which includes information on the volume dependence of single compounds. The latter value will be given in parentheses. We find a correlation coefficient of ρ(r N , ∆) = −0.54(−0.56). Since ρ varies, by definition, between 1 (complete correlation), 0 (no correlation), and -1 (maximal anti-correlation), this clearly indicates that the correlation between our two properties, r N and ∆, is at the border between moderate and strong anti-correlation.
In Fig. 5c , we plot the two-dimensional frequency-map of r N (i) and ∆(i) data sets. The color scheme indicates the population of Ce compounds in each cell. The heat-map provides information on the joint probability distribution P (i, j) = n(i, j)/L 2 , where n(i, j) is the number count in the i, j-th cell, and L=52 (366) is the total size of the data set. This quantity is essential to determine the mutual information. Unlike the correlation coefficient, the mutual information is a positive definite quantity which provides a measure of the information entropy 49 , and therefore, quantifies the amount of information that can be achieved for one random variable through another set of random variables. Formally, the mutual information is defined as
where i and j indices stand for the i-th row j-th column (i, j-th cell) in the frequency map. For our given data set of r N and ∆, the mutual information is I(r N , ∆) = 0.42 (0.73). This value of I(r N , ∆) clearly demonstrates a quite high predictive value for electronelectron correlation from only volumetric data and vice versa, and thus opens up pathways for machine aided new materials design principles. The value for the large data set points to an even higher predictive power which basically reflects the fact that the localization within a material is strongly related to the volume.
D. Kondo couplings and Kondo temperature
In the previous part of the paper we have argued that the hybridization function can be used as a measure for the degree of localization in a Ce-compound. However, weakly solution of the multi-orbital Anderson model is a demanding task and not suitable for big data analysis. Here our aim is to explore if it is possible to identify trends in the Kondo temperature of Ce-based compounds by looking only at quantities extracted from DFT investigations, i.e. without explicitly solving the Kondo problem. Toward this goal we use the above discussed large data set generated for Ce compounds and search for systematic trends that reveal themselves in the aggregate. To assist in this analysis we make use of the formula derived by Lethuillier and Lacroix-Lyon-Caen for the single-orbital impurity model. 50, 54 In this approach the Kondo temperature of a Ce compound can be written as
where J = 5/2 for tripositive Ce ions and α is a proportionality factor. ρ(E F ) is the DOS of the spd states at the Fermi level and is here obtained from a separate calculation with the Ce 4f states are treated as core electrons. In the flat band approximation 55 , the Kondo coupling parameter J K is given by
with ∆ being the hybridization energy. The energy difference in the denominator is between the 4f level and the Fermi niveau. For simplicity the influence of crystal field effects is neglected and we assume E f −E F −3 eV which is a good approximation for Ce systems 23 .
∆(E F ) is the hybridization function at the Fermi level, as discussed in the previous sections.
Practically, the logarithm of Eq. 6 is easier to analyze, and we proceed with the expression: Fig. 6 we provide two data sets, one containing the smallest T K (small red circles in Fig. 6 ) found in literature and one for the largest (large blue circles in Fig. 6 ). (eV), the corresponding calculated total DOS at the Fermi level (with the 4f electron being treated as core electron) ρ(E F ) (states/eV) are given for several cubic binary Ce compounds. The distance between the Fermi level E F and the position of the 4f peak E f (eV) is assumed to be 3 eV, according to Ref. 23 . and DOS(E F ). We stress here that the confirmation of the trend comes from analysis of the entire data set, not from one single compound or some small selection of compounds.
Collective trends are revealed by looking at the statistics of all the compounds we have at hand.*
IV. SUMMARY AND CONCLUSION
We have performed data mining on known (mostly cubic binary) Ce compounds and analyzed the degree of hybridization between the Ce 4f electron and the valence electrons of the system. We used the recently developed f-electron database 5 to search for systematic correlations between electronic structure properties like hybridization and electronic radii and the observable properties such as volume and Kondo energy scale. To our knowledge this is the first effort in this field addressing a search for systematic correlations in f-electron materials. Our goal has been to develop criteria from which to predict materials properties such as the itinerant or localized character of 4f compounds, and their Kondo temperatures.
We were able to define systematic trends and correlations that are natural yet can only be confirmed by looking at the entire data set of Ce compounds. Since the hybridization energy is an essential part of the Kondo coupling constant, it is expected that the trends of the Kondo behavior should be reflected in the calculated data. Indeed we were able to show that the calculated hybridization combined to the DOS agrees with the experimental findings for the Kondo temperature following the relation ln T K ∼ 1/(∆ 2 (E F ) ρ(E F )). From the systems we have investigated so far, it seems clear that the outliers, i.e. systems which do not show the linear dependence, are not really metallic Kondo compounds and should be characterized differently.
The three observations -the anti-correlation, the valence electron dependent finestructure, and the trends found for the Kondo temperature -can be used to find materials with desired properties. The main purpose of our approach is to find significant trends that can become apparent only by looking at the entirety of data. Although we focus here on Ce compounds, the approach suggested here can be used for other correlated electron systems, such as U and Pu based compounds, that potentially have an even more complex and intricate competition between energy scales, that result in a plethora of exotic electronic states.
